Fragment D (M, 100000) prepared from a terminal plasmin digest of fibrinogen was isolated and used to study its effect on fibrin formation. Increasing amounts of fragment D added to a solution of fibrinogen and thrombin decrease the rigidity of the resultant gel (10% of control at 2mol of fragment D/mol of fibrinogen). Half-maximal inhibition is achieved at 1 mol of fragment D/mol of fibrinogen for non-cross-linked clots and at imol of fragment D/mol of fibrinogen for cross-linked clots. 'Clottability' decreases concomitantly with the rigidity. Only small amounts of fragment D (less than 10% for non-cross-linked gels) are incorporated into the gel. Light-scattering shows an increase in the final fibre thickness at fragment D concentrations up to 2 mol of fragment D/mol of fibrinogen, from 60 molecules/cross-section for the control to 120 molecules/ cross-section. Higher fragment D concentrations lead to a decrease in the final fibre thickness. The limit fibre thickness is 8 nm, with a length of 80nm, which is equivalent to a fibrin trimer. On the basis of results of synthetic-substrate and fibrinopeptide-release assays, it is clear that thrombin inactivation is not responsible for this effect. These data suggest that fragment D may inhibit fibrin formation by blocking the bimolecular polymerization of activated fibrin monomer molecules to form protofibrils, although additional effects on subsequent assembly steps may also be involved.
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Fibrinogen is the soluble plasma protein that, as a result of proteolytic cleavage by the enzyme thrombin, can be converted into a solid fibrin gel, a major component of the blood clot. Fibrinogen contains three pairs of polypeptides, which are organized into several functional domains. Doolittle (1977) has reviewed the electron-microscopic, amino-acidsequence and physical-chemical data on fibrinogen and proposed a model for its three-dimensional structure in which all six N-termini are joined by disulphide links into a central domain termed the 'N-terminal disulphide knot' ('N-DSK'). Helix prediction schemes (Doolittle, 1977) indicate that the a-, ,B-and y-chains form regions of coiled coil that connect this central domain to two identical outer globular domains. Although recent electron-microscopic data indicate that these outer domains are multinodular (Weisel et al., 1981) , the trinodular picture of fibrinogen serves as a useful working model that is consistent with most of the available data. In the blood-coagulation mechanism, fibrin assembly is a multistep process that begins with the activation of fibrinogen by thrombin. Thrombin first cleaves the two A-fibrinopeptides from the AaAbbreviation used: SDS, sodium dodecyl sulphate. chains of fibrinogen (Bettelheim, 1956; Blomback, 1958; Blombaick et al., 1978) and then more slowly the B-peptides from the B/I-chains (Blombiick, 1958) . Once fibrinopeptide A has been removed, fibrin monomer is formed and the self-assembly process is initiated. Fibrin monomer spontaneously polymerizes to form protofibrils in which the monomers are arranged end-to-end in a half-staggeredoverlap pattern (Ferry, 1952; Casassa, 1955; Hall & Slayter, 1959) . Protofibrils rapidly combine to form longer thicker fibres that, through branchpoint formation, organize a three-dimensional network or fibrin gel. The fibre size in the network is kinetically determined, and the network is held together by non-covalent interactions. The final step in fibrin assembly is the stabilization of the gel through the formation of e-(-glutamyl)-lysyl bonds to yield cross-linked y-chain dimers and a-polymers. The cross-linking reaction is catalysed by the transglutaminase, factor XIIIa.
When coagulation is initiated in plasma, the fibrinolytic system is also activated, and plasminogen is converted into plasmin. Plasminogen activation may also occur in certain pathological states in the absence of coagulation. Plasmin is a serine protease that will degrade all forms of fibrinogen and fibrin. The terminal fibrinogen degradation products are a number of small peptides and two core fragments, D and E. Fragment D corresponds roughly to the outer globular domain of fibrinogen, whereas fragment E contains most of the amino acids of the central N-terminal-disulphide-knot domain. Intermediates in the degradation pathway are the larger fragments, X and Y (Marder & Budzynski, 1975) . The degradation products of noncross-linked fibrin are similar to those of fibrinogen, whereas cross-linked fibrin yields a dimer of fragment D and high-molecular-weight complexes (Francis et al., 1980a,b) . The plasmin degradation products inhibit coagulation in vivo and gelation of fibrin in vitro. Such inhibitory activity has been reported for the intermediate fragments, X and Y (Marder & Shulman, 1969; Kowalski, 1968) , and also for the core fragments D and D-dimer (Marder & Shulman, 1969; Kowalski, 1968; Larrieu et al., 1972; Belitser et al., 1975; Haverkate et al., 1979; Dray-Attali & Larrieu, 1977; Budzynski et al., 1979) .
In the present paper we describe studies on the physical properties of fragment D and quantification of its inhibitory activity. Although plasmin cleavage of fibrinogen can yield a heterogeneous family of digestion products (mol.wts. 80000-100000) owing to multiple sites of y-chain cleavage (Marder & Budzynski, 1974) , we have used the reported protective effect of calcium (Haverkate & Timan, 1977) Fraction no. Fig. 1 . Purification offragment Dfrom a terminal plasmin digest ofhumanfibrinogen (a) Ultrogel 34 chromatography of a digest of fibrinogen. A 5 ml sample containing 100 mg of material was put on a 2.6 cm x 100cm column and eluted at 30ml/h. The fraction volume was 4.3 ml. Material eluted after the main peak had a molecular weight below 30000 and corresponded to fragments A, B, and C. (b) DEAE-cellulose chromatography of the mixture of fragments D and E from (a). The DEAE-cellulose column (2.5 cm x 30 cm) was equilibrated with 0.01 M-NaCO3/Na2CO3 buffer, pH8.9. The flow rate was 60ml/h and the fraction volume was 5 ml. A linear pH/salt gradient with 0.01 M-NaHCO3/Na2CO3/0.3 M-NaCl, pH 8.0, as the limit buffer was used to elute the protein peaks. The inset shows scans at 570nm from SDS/5%-polyacrylamide-gel electrophoresis of pool D. Relative locations of molecular-weight standards are indicated (y-globulin, mol.wt. 160000; bovine serum albumin, mol.wt. 67000).
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Blomback (1956) (fraction 1-4) was dissolved in 0,3 M-NaCl, centrifuged for 10min at 30000g, dialysed for 18h to remove free calcium, and then divided into portions and stored at -700C. Clottability was more than 90 and 97% respectively. Fibrinogen concentrations were determined from A280 by using a specific absorption coefficient of 5.27 x 105M-1cm- (Mihalyi, 1968) . Plasmin (Kabi) was reconstituted to 50units/ml with 50% (w/v) glycerol and stored at -200C. Thrombin was either of bovine origin (Parke-Davis) or highly purified human thrombin (lot 88-B, specific activity = 2265 units/mg), which was a gift from Dr. J. W. Fenton (Fenton et al., 1977) . Except where noted, the thrombin concentration used was 50 units/mg of fibrinogen. Fibrin-monomer-Sepharose, prepared as described by (Fig. 1 ). Pool 2, containing fragment D (and E), was dialysed extensively against 0.01 M-bicarbonate buffer, pH 8.9. This material was chromatographed on DEAE-cellulose essentially as described by Doolittle et al. (1977) . A linear gradient, from 0.01 M-carbonate, pH 8.9, to 0.01M-carbonate/0.3M-NaCl, pH 8.0, was used (Fig. 1) . In some cases, fragment D was concentrated on a short anion-exchange column (2.5cm x 3.0 cm), with direct elution with the limit buffer and then further concentrated by dialysis against poly(ethylene glycol) 6000. Fragment D was dialysed against Tris/NaCl directly after chromatography or concentration and was used on the same day that it was isolated. The concentration of fragment D was determined by its A280, a specific absorption coefficient of 2.08 x 105M-1. cm-' being used. As polyacrylamide-gel electrophoresis Vol. 197 reduced 5% gels) has been extensively employed to characterize the molecular weights of the plasmin degradation products of fibrinogen (Pizzo et al., 1972; Haverkate & Timan, 1977) , this technique was employed to establish the identity of the chromatographed fragments. Non-reduced 59'opolyacrylamide Jels.were prepared as described by McDonagh et<. (1972) . Before they were stained with Coomassie Brilliant Blue, the gels were fixed with a. solution of 10% (v/v) acetic acid/10% (v/v) propan-2-ol. The major species of fragment D used in all experiments had a mol.wt. of 100000 + 10000 (Fig. 1, inset) .
Iodination of fragment D. Purified fragment D was labelled with 1251 by the lactoperoxidase procedure (Kudryk & Blombfick, 1979) . Labelled fragment D was separated from unbound iodine on a column (1.0cm x 20 cm) of Sephadex G-25 and eluted with 0.15 M-NaCl/0.05 M-Tris, pH 7.4, containing 1% ovalbumin. Radioactivity was measured in a Beckman Gamma 4000 spectrometer. Antibodies to fragment D were used to determine the antigenicity of the labelled material, with Staphylococcus aureus cells as a second precipitant. The iodinated fragment D precipitated to the extent of 90% with 20% (w/v) trichloroacetic acid, and 79% with anti-(fragment D) antibodies. Fibrin-monomerSepharose was packed in a 1 ml syringe. A sample of labelled fragment D was applied to the column, and the amount of bound label was found to be 63% of the applied material. SDS/polyacrylamide (reducing) gels of labelled and unlabelled fragment D were identical.
Binding offragment D to fibrin and clottability of fibrinogen Various amounts of unlabelled D were added to a constant amount of labelled D and fibrinogen (final concn. 0.4mg/ml). The A280 was measured before the addition of thrombin. After 2h the clots were removed by winding them around glass -rods. The radioactivity of each clot and supernatant was measured, and the absorbance of the supernatant was recorded.
Thrombin assays. A thrombin assay in the presence of fragment D was performed by Dr. R.
Lundblad. The substrate used was l00pM-benzoylarginine p-nitroanilide in 0.05 M-Tris, pH 8.0. From 0 to 3.5mg of fragment D were added to 200 units of human a-thrombin (specific activity 3000units/mg), and the final A410nm was monitored.
Fibrinopeptide release was measured by quantification of the reaction of peptide-bound arginine with phenanthrenequinone (Yamada & Itano, 1966) . Fibrinogen concentration was constant at 3 mg/ml. Samples with or without 1.74mg of fragment D/ml (2mol of fragment D/mol of fibrinogen) were incubated at 370C for 0, 1, 3 or 60min with 0.36 units of thrombin/ml or for 60min with 9 units of thrombin/ml. The fibrinopeptides were separated and made to react with phenanthrenequinone, and fluorescence was measured at 395 nm and compared with standard arginine solutions.
Rigidity measurements. The rigidity, or elastic modulus, of fibrin gels was measured as previously described (Carr et al., 1976) . The fibrinogen concentration was 0.15mg/ml and the fragment D concentration ranged from 0 to 0.25 mg/ml. In some studies, buffer containing 5 mM-CaCl2 was used, and the fragment D concentration was varied from 0 to 0.12mg/ml. Gelation was achieved by the addition of thrombin to a final concentration of 1.25 units/ml. Immediately after the addition of thrombin, the solution was mixed and poured into the Couette elastometer and allowed to clot before stress was applied. Stress was then applied at 5-10min intervals for less than 30s at a time. Measurements were made at 250C.
Light-scattering. The apparatus and techniques for measurement were used as previously described (Carr et al., 1977; Hantgan & Hermans, 1979) .
Buffer and fragment D solutions were degassed and filtered through presoaked 0.22,um-pore-size Millipore filters in 13mm-diameter Swinnex plastic filter holders (Millipore). The concentration of fragment D was determined spectrally after filtration. A small portion of a concentrated fibrinogen solution was added to achieve a final fibrinogen concentration of 0.076 mg/ml. Fibrin assembly was initiated by the addition of a small portion of a concentrated thrombin solution to a final concentration of 3.8 units/ml. For studies of the angular dependence of light scattered from inhibited clotting solutions, fibrinogen concentrations of 0.16 mg/ml and a thrombin concentration of 3.3 units/ml were employed. Ratios of 14 to 120 mol of fragment D/mol of fibrinogen were investigated by angular-dependence studies, and from 0.5 to 50mol of fragment D/mol of fibrinogen for 900 intensity studies.
Results

Rigidity measurements
To assay for the inhibitory activity of fragment D on fibrin clots, the technique of clot rigidity was used. The data presented in Fig. 2 that 100% of the y-chains and at least 90% of the a-chains were cross-linked under these conditions.
Fragment D binding tofibrin and clottability
Fragment D radiolabelled with 1251 was employed to quantify the binding of this fragment to fibrin fibres. Fig. 3 expresses the results of these experiments as the percentage of fragment D present in Measurements of the intensity of light scattered from solutions of macromolecules have frequently been used to determine the size and shape of the scattering species (Huglin, 1972) . In particular, measurements of the angular dependence of the intensity of scattered light have been employed to measure the molecular weight and radius of gyration of fibrinogen (Hocking et al., 1952) (Ferry, 1952) . Casassa (1955) extended the theory and technique to measure the mass per unit length of long oligomers formed after thrombin activation of fibrinogen at high pH and ionic strength. Carr et al. (1977) measured the mass/length ratio of both coarse and fine gels from the angular-dependence of scattered-light intensity and found the values to agree well with those determined by solvent-perfusion measurements. They verified that, for dilute gels, the intensity of scattered light [R(a)I is inversely proportional to sin (0/2), in which is the angle between the primary and scattered beam. Thus measurement of the scattered-light intensity at a single angle of 900 can be used to determine the mass/length ratio of fibrin fibres. The scattering intensity is determined relative to the scattering of benzene, for which the absolute scattering has been accurately determined (Pike et al., 1975) . The following equations apply:
and Kc/R() = (4nbo,u) sin (9/2) K= 2ir2n2 (dn/dc)2/1A4N
(1) (2) where c is the concentration, K is an optical constant, n is the refractive index, AO the wavelength in vacuo, N is Avogadro's number and p is the mass/length ratio.
Measurements of light-scattering intensity were used to examine the characteristics of the fibres formed in the presence of fragment D (Fig. 4) . The mass/length ratio, determined from the 900 scatter, ing intensity, was found to increase from the control value of 60 molecules/cross-section to 120 molecules/cross-section at a fragment D concentration corresponding to 2mol of fragment D/mol of fibrinogen. Higher fragment D concentrations lead to a decrease in final fibre thickness. Beyond 15 mol of fragment D/mol of fibrinogen, no clot is observed after 1 h, and the final fibre thickness corresponds to thin fibres with a width less than twice that of the protofibril. Cross-linked and non-cross-linked clots are qualitatively the same by this measurement. At
Vol. 197 higher fibrinogen and fragment D concentrations, measurements of the angular dependence of the intensity of scattered light indicated that short oligomers resulted from thrombin activation. (This technique yielded molecular weights of 33000010+000 and 105000+18000 for fibrinogen and fragment D respectively.) The data in Table  2 demonstrate that raising the fragment D concentration causes a decrease in the molecular weight and length of the scattering species. The length of these oligomers decreases from 270 to 85 nm over the range of fragment D concentrations investigated. At lower fragment D/fibrinogen ratios, gelation results and the length of the fibres cannot be determined by this light-scattering technique.
The measured oligomer dimensions are compared in Table 2 with those calculated for protofibrils, formed by a half-staggered overlap of activated fibrinogen molecules (Ferry, 1952; Hantgan et al., 1980) . Molecular dimensions of fibrinogen determined by electron microscopy (Fowler & Erickson, 1979) were used in calculations. The results obtained indicate that, at 14.4 mol of frag- Thrombin activity Thrombin-activity assays, which monitor the hydrolysis of the synthetic substrate benzoylarginine p-nitroanilide, indicated that thrombin retains 90% of its activity at ratios of 15 mol of fragment D/mol of thrombin and 75% of its initial activity at a 20-fold excess of fragment D. The fibrinopeptide release assay showed no difference in the rate or of the final number of fibrinopeptides released from fibrinogen in the presence of 100-fold molar excess of fragment D to thrombin. This lack of significant thrombin inhibition is important to an interpretation of the physical-chemical studies of the mode of inhibition of fragment D.
Discussion
Previous studies of the anticoagulant activity of fragment D have emphasized the decreased fibrinogen clottability (Kowalski, 1968) and the prolonged thrombin clotting time in the presence of fragment D (Marder & Shulman, 1969; Kowalski, 1968; Larrieu et al., 1972; Belitser et al., 1975; Haverkate et al., 1979) . In the present paper we report further characterization of the inhibitory properties of fragment D based on measurements of the physical properties of the fibrin formed in the presence of fragment D. Antithrombin activity Until now, purified fragment D has not been assayed directly for its effect on the enzymic activity of thrombin; however, the following observations have been made. Alkjaersig et al. (1962) noted that 1981 the benzoylarginine methylesterase assay for thrombin was unaffected by a mixture of fibrinogen proteolysis products, whereas Latallo et al. (1964) showed that late degradation products (mainly fragments D and E) had little or no effect on total fibrinopeptide release as measured by trichloroacetic acid-soluble peptides. These results are consistent with the data presented here, in which the use of a chromogenic substrate for thrombin showed the lack of significant inhibition at less than 20mol of fragment D/mol of thrombin. We have also shown that fragment D does not affect either the rate or total release of fibrinopeptides. Also, Belitser et al. (1975) found that polymerization of preformed fibrin monomer was strongly inhibited by a late plasmin digest of fibrinogen formed in the presence of calcium, and thereby demonstrated that inhibition of thrombin, if any, is not a requirement for the inhibition of assembly. In summary, inhibition of polymerization by fragment D cannot be due to inhibition of thrombin activity.
Clot rigidity
The elastic modulus of fibrin fibres depends on the square of the fibrinogen concentration, the fibre thickness, the number of network branchpoints and the bulk rigidity of the fibres, and can be altered by changes in calcium concentration, ionic strength, and Factor XIIIa cross-linking (Shen et al., 1975; Nelb et al., 1976) . It has been previously reported that plasmin degradation of fibrin(ogen) leads to a decreased clot rigidity As the elastic modulus is proportional to the square of the fibrinogen concentration, this decrease in clot rigidity should be directly attributed to a decrease in the amount of clottable protein rather than to alterations in fibrin structure. That is, the binding, clot-rigidity and clottability data all indicate that the protein which clots in the presence of fragment D forms normal fibrin, and that the remainder of the protein is apparently blocked from entering the gel by the presence of fragment D.
Fibreformation
The results presented here demonstrate that fragment D, at concentrations of more than 2 mol of fragment D/mol of fibrinogen, inhibits fibre formation. Above 14mol of fragment D/mol of fibrinogen, gelation is fully blocked. The data in Table 2 demonstrate that the molecular weight and length of the resulting short oligomers correspond to protofibrils composed of three to nine monomers, arranged in the half-staggered overlap structure. These observations suggest that fragment D may interfere with fibrin assembly by directly blocking the first assembly step, namely the bimolecular polymerization of activated fibrin monomer molecules to form protofibrils. Inhibition of this first assembly event would be observed at all subsequent stages of the gelation process. Therefore the observations of decreased clottability, decreased elastic modulus and the presence of short oligomers in solution, which characterize fibrin formation in the presence of fragment D, can all be explained by a mechanism in which fragment D binds to the growing protofibrils, thus stopping the incorporation of fibrin monomer into these two stranded polymers, which are obligatory intermediates in the fibrin-assembly pathway.
It has already been shown that fragment D contains a polymerization site, because it interacts with fibrin-monomer-Sepharose (Kudryk et al., 1973; Matthias et al., 1973; York & Blombaick, 1976; Heene et al., 1979; Olexa & Budzynski, 1980) and thrombin activated N-terminal disulphide knot covalently linked to Sepharose (Kudryk et al., 1974) . The D-domain in fibrin monomer can form stable contacts with both the E-and D-domains of fibrin fibres (Hermans, 1979) . Fragment D may also compete for this site, consequently blocking protofibril growth by forming a 'dead-end' complex that cannot undergo further bimolecular addition of the next fibrin monomer molecule. It is clear, however, that small amounts of fragment D, less than 1 mol/mol of fibrinogen, are sufficient to produce substantially weaker clots.
